Abstract: This study develops a 2 pi terahertz (THz) phase shifter that stacks three layers of cholesteric liquid crystal (CLC) cells. Each CLC cell in the focal conic state with randomly helical structures exhibits isotropic properties for a THz wave and enables polarization independence. An external vertical electric field is applied to modulate the refractive index of the CLC cells by switching the liquid crystals between focal conic and homeotropic states. The driving voltage and response time were significantly improved by the multi-stacking technique relative to that of a 5-mm-thick CLC-based 2 pi THz phase shifter, whose critical voltage is as high as 1200 V and response time is tens of seconds. The proposed multilayer device has a relatively small critical voltage of 400 V and a short response time of less than 1 s.
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Introduction
Over the last few decades, Terahertz (THz) photonics has emerged as a new topic of research owing to their unique optical properties, including their low photon energy, strong absorption by many molecules, and easy transmission through dry materials, making them potentially useful for many applications, such as ultrafast dynamics in materials, biological sensing and communication applications [1] - [4] . A THz band is a spectral region of electromagnetic radiation, which spans the wavelength range of 300 μm-1.5 mm and is located between the infrared and microwave regions. Unlike other spectral regions such as the infrared and microwave regions, about which scientific and technological knowledge is well established, the THz band is unexplored, and has thus become attractive for basic research. Benefiting greatly from the generation of high-power THz sources and highly sensitive detectors, the field of THz photonics has been rapidly growing, and the demand for THz devices such as polarization controllers, phase shifters, absorbers, and mirrors has become urgent [5] - [7] . Recently, considerable efforts have been made to develop THz devices based on nematic liquid crystals (NLCs) [8] - [13] . NLCs have been widely used in tunable photonics devices because of their large refractive index anisotropy and the ease of orientation of their LC directors by external forces, so THz devices based on NLCs exhibit excellent tuning ability; however, such devices encounter severe problems, such as strong polarization-dependence and a long response time [14] , [15] . The strong polarization-dependence arises from the anisotropy of NLC materials, and the long response time is associated with the millimeter-thick cell gap that is required to modulate THz irradiation. Our earlier work demonstrated a polarization-independent 2π THz phase shifter that uses 5 mm-thick chiral nematic liquid crystals (CLCs) rather than NLCs [16] . In the THz spectral region in which the wavelength of THz irradiation is much longer than the pitch length of the CLCs, the CLCs' helical structures exhibit isotropic properties, which support the realization of polarizationinsensitive THz devices [17] , [18] . In addition to being insensitive to polarization, the helical textures of CLCs facilitate rapid switching from the homeotropic texture to the focal conic texture. Its falling time is only a few seconds, which is much shorter than that of the millimeter-thick NLC cell, whose falling time is in the range of minutes or hours [15] . Although the polarization-dependency and response time can be efficiently improved using CLCs, the problems associated with the large driving voltage remain unsolved. Therefore, improving the driving voltage is critical to the practical application of CLC-based THz devices.
This work proposes a polarization-independent 2π THz phase shifter in which three layers of CLCs are stacked. Dividing a 5 mm-thick CLC film into multiple thin layers significantly improves the driving voltage and response time because the device's electro-optical behavior is determined by the individual thin layer [19] - [21] . The electro-optical properties, including driving voltage, response time, and polarization dependency, of the proposed devices in the THz spectral region were characterized by THz time-domain spectroscopy (THz-TDS).
Sample Fabrication and Experimental Setup
The CLC system was prepared by adding a chiral material (high-HTP-1, Tsinghua University in China) with a helical twisting power (HTP) of greater than 76 μm −1 to a commercial highbirefringence NLC (BL006, Merck) ( n = 0.28 at 20°C in the visible range, ε = 17.3, K11 = 17.9 pN, K22 = 33.5 pN, and K33 = 33.47 pN at 20°C in the low frequency). The HTP of the chiral material for the BL006 host is approximately 80 μm −1 , and thus the pitch (P) of the CLC system can be determined by controlling the concentration of the dopant chiral material (C) according to this equation: P = (HTP×C) −1 . The mixing ratio of the CLC system was chosen to generate a 20 μm-thick pitch of the CLCs, and the mixed system was stirred for ∼4 hours to ensure complete dissolution and thereby to form a homogenous mixture [16] . It was then introduced into empty cells by capillary action. For comparison, two empty cells of two types were fabricated. The first was single-layer cell with a cell gap of 5 mm, which was constructed from two 1.14 mm-thick fused silica windows, and coated with a 20 nm-thick indium-tin-oxide (ITO) layer as the electrode. The other was a three-layer cell, which consisted of four 1.14 mm-thick fused silica windows with a 20 nm-thick ITO electrode. Each layer had a thickness of approximately 1.6 mm.
To analyze the optical properties of the CLC-based phase shifters in the THz spectral region, THz time-domain spectroscopy (THz-TDS) was employed; THz-TDS is a powerful tool for measuring the performance of a material or a device in the THz region. Fig. 1(a) schematically depicts the experimental setup of the THz-TDS system. A 800 nm femtosecond diode-pumped mode-locked Ti: Sapphire laser (Spectra Physics MaiTai) with a pulse width of around 100 fs and a bandwidth of around 10 nm was used to generate a THz pulse and detect a pulse profile. The steps for measuring THz irradiation were as follows. First, the femtosecond laser light was divided into two beams-a pump beam and a probe beam. Then, the pump beam illuminated an SI-GaAs photoconductive antenna that was biased with a square-wave ac voltage at 40 kHz and 10 Vpp to generate a THz pulse. A pair of parabolic mirrors was used to collimate and guide the generated THz radiation through the CLC sample, before it impinges on a ZnTe crystal. Next, the probe beam passes through the ZnTe crystal for electro-optic sampling (EO-sampling) detection. Finally, the THz pulse was reconstructed with its electric field as a function of time by scanning the probe beam with a moving stage. Fig. 1(b) and (c) present the temporal profile of the THz pulse and its corresponding spectrum, respectively. The operable range of our TDS system is from 0.1 to 1.6 THz.
Results and Discussion
Typically, making a cell gap thinner can reduce an LC device's driving voltage and response time, so for a fixed total thickness, more layers of equal thickness are preferred. However, each layer requires a pair of ITO electrode layers, which strongly absorb THz irradiation, and so a trade-off must be made between the number of layers and the transmission of the THz signal in the TDS system. To choose the number of the layers, the temporal profile of the THz signal was measured before and after it had passed through the layers of fused silica substrates with a 20 nm-thick ITO electrode, as presented in Fig. 2 . The THz signal that had passed through one layer of the ITO substrate was approximately 64% the strength of the THz-TDS signal. Most of the loss is attributed to the Fresnel reflection between the air and the substrate and to the absorption by ITO layers. When it passed through four layers of ITO substrates, the strength of the THz signal decreased to 33% that of the THz-TDS signal. Owing to the strong absorption by ITO layers, the 5 mm-thick CLC layer was divided into three layers. Its THz signal was ∼10% the strength of the THz-TDS signal, and sufficed for this measurement. Fig. 3 (a) and (b) schematically depict the principles of operation of the single-layer device (SLD) with a single-layer CLC cell, and a multi-layer device (MLD) with three layers of CLC cells, respectively. Both devices operate in the same way. In the Voff state, the CLCs in both devices are in the focal conic states, in which the helical axes are randomly distributed throughout the cell. Typically, the focal conic state with the multi-domain structure scatters in the visible region, so the cell looks opaque. Nevertheless, the focal conic state does not scatter THz irradiation because its chiral pitch much is less than the wavelength of a THz wave, so it has an isotropic refractive index that is given by
where n o and n e are the ordinary and extraordinary refractive indices of BL006, respectively. In the Von state, as the voltage increases, the helical structure of the focal conic state is destroyed and LC molecules align gradually in the direction of the electrical field. When a sufficiently high voltage is applied to the device, the focal conic state becomes homeotropic, and most LC molecules are then aligned perpendicular to the substrates, causing the cell to change from opaque to transparent. Under such conditions, the THz wave experiences the ordinary refractive index (n o ). Therefore, the phase of the THz wave can be modulated by switching the liquid crystals between focal conic and homeotropic states by applying external voltages. Fig. 4 (a) and (b) plot the THz temporal profiles of the SLD and the MLD, respectively, at various applied voltages. Notably, the three CLC cells of the MLD were driven by the same voltage. In the absence of an applied voltage, both the SLD and the MLD are in the focal conic state, and the peaks of their THz temporal profiles were at 25.7 ps and 27.7 ps, respectively. As the applied voltage increased, the focal conic state was gradually switched to the homeotropic state and the corresponding refractive indices fell from n eff to n o . Accordingly, the peaks of the THz temporal profiles shifted to early position. When a sufficiently high voltages are applied, both SLD and MLD were switched into their homeotropic states, and the peaks in their THz temporal profiles were shifted to 24.6 ps and 26.7 ps. The measured time delays between focal conic and homeotropic states for SLD and MLD were 1.1 ps and 1 ps, respectively, indicating that a 2 pi phase modulation at 1 THz was achieved. Fig. 4(c) and (d) show the applied voltage-dependent phase shifts of the SLD and the MLD for various frequencies and their required critical voltages to acquire a homeotropic texture were 1200 V and 400 V, respectively. Obviously, the multi-stacking technique maintained the same phase modulation but efficiently reduces the driving voltages.
The response times of the SLD and the MLD were measured using a THz-TDS system and compared. The measurement of response times involved the following steps. First, the movingstage was shifted to seek a peak of the THz temporal profile, and the detected intensity was defined as the maximum transmission. Next, the detected intensity of the THz temporal signal decreased when a voltage was applied, and the corresponding intensity was set as the minimum transmission intensity. Finally, the response time was calculated as the time to switch from 90 to 10% of the maximum transmission intensity of the THz temporal signal. Typically, the response time of a 5 mm-thick SLD is tens of seconds when the applied voltages are less than its critical voltage of 1200 V. Hence, the over-driving method was adopted herein to shorten the response time. Fig. 5(a) plots the response time of the SLD with various overshoot voltages. Clearly, the response time depends on the applied voltages, declining significantly as the voltages increase. When the voltage is increased to 3000 V, the measured rising and falling times are 2 and 0.5 s, respectively. Fig. 5(b) plots the rising and falling times of the MLD under various applied voltages. Similarly, the response time of the MLD decreases as the driving voltages increases. When the applied voltage is close to the critical voltage of 400 V, the response time of the MLD is ten seconds. When the applied voltage increases to 1500 V, both the rising time and the falling times are less than 1 s. The MLD has a much shorter response time and, especially, a much shorter rising time, than the SLD.
To examine the polarization dependence of the MLD in the THz frequency range, the multistacking CLC cells were rotated in the THz propagation direction using a rotation stage. Fig. 6 presents the peak positions of the THz temporal profile after the THz signal has passed through the MLD without an applied voltage at rotation angles of 0-360°in increments of 30°. The peak position of the THz temporal remains almost constant at 27 ps, and the deviation corresponds to an accuracy of λ/60, which clearly shows that the optical behavior of the MLD with a small cell gap still remains polarization-independent.
Conclusion
In conclusion, a 2π THz phase shifter with three stacked 1.6 mm-thick CLC cells was designed. These CLC cells are initially in the focal conic state, whose helical structure yields optically isotropic for a THz irradiation. The focal conic state can be switched to a homeotropic state by applying a voltage, so the phase modulation of THz irradiation can be changed by switching the liquid crystal in the CLC cells between focal conic and homeotropic states. The three stacked 1.6 mm-thick CLC cells retain the 2 pi phase modulation of THz irradiation at a frequency of 1 THz that is exhibited by the 5 mm-thick single-layer CLC cell, but with an improved driving voltage and response time. It therefore has great potential for use in THz photonics.
